Inversion-layer mobility in MOSFETs is quantitatively examined by taking MOSFETs with oxynitride and ultra-thin gate oxides as examples. It was shown that additional Coulomb scattering due to charged impurities in poly-Si gate and due to fixed charges in oxynitride gate oxides is responsible for the mobility degradation in low effective electric field region for ultra-thin gate oxides and oxynitride gate oxides, respectively. For high effective electric field region, the different behavior of inversion-layer mobility between electrons and holes associated with oxynitridation can be reasonably well explained by the appropriate choice of the form of the roughness correlation function. This paper focuses on the fact that Coulomb and surface roughness scattering are key scattering components for the unified understanding of carrier mobility in inversion layers of future MOSFETs.
Introduction
Thinner gate oxide layer, high-k dielectric layer, or oxynitride gate layer are considered to be promising candidates for application as gate dielectrics in future MOSFETs characterized by aggressive scaling down of device sizes. The significant change in inversion-layer mobility associated with these gate dielectrics has been observed experimentally [1, 2, 3, 4] . For example, in MOSFETs with oxynitride gate oxides low field mobility shows significant degradation for both electrons and holes, while high field mobility exhibits different behavior for electrons and holes, as is shown in Fig. 1 [1] . In MOSFETs with ultra-thin gate oxides, the inversion-layer mobility exhibits a significant reduction in gate oxides thinner than a critical thickness [3, 4] (Fig. 2) . Although much theoretical work has been done on inversion-layer mobility in MOSFETs with pure and thicker gate oxides, the origin of the change in inversion-layer mobility in MOSFETs with the above-mentioned gate dielectrics has not been fully understood yet. Considering the fact that the dominant scattering components in low and high field region are Coulomb and surface roughness scattering, respectively, Coulomb and surface roughness scattering are key scattering components for the comprehensive understanding of transport properties in inversion layers of future MOSFETs [5] . By taking MOSFETs with oxynitride and ultra-thin gate oxides as examples, we examine transport properties in inversion layers based on the model calculation of the mobility limited by Coulomb and surface roughness scattering. Since the physical basis of the models used is important, we describe in section 2 the Coulomb and surface roughness scattering model used in this study. By comparing the calculated and the experimental results of the inversion-layer mobility, we show in sections 3 and 4 that the change in the inversion-layer mobility can be comprehensively understood by considering additional Coulomb scattering and modulated surface roughness scattering. The conclusions are given in section 5. Dependence of inversion-layer mobility on effective electric field, Eeff, for nMOSFETs with different Tox [4] .
The gate impurity concentration is 6×10 19 cm -3 . Solid line stands for the universal mobility curve.
Scattering model

Coulomb scattering
As shown in Fig. 3 , the MOS structure is composed of a medium with permitivity ε g for z≤0 (gate), an insulator with permitivity ε ox for 0<z≤t ox (gate oxide), and a silicon substrate with permitivity ε si for z>t ox . In the MOS structure, the significant depth profile of electrostatic potential is formed as is schematically shown in Figure 3 (a). The potential distributions, V gate (poly-Si gate), V ox (gate oxide), V si (substrate), are determined from the Poisson's equations in Fig. 3(a) , where ρ si 0 (R) and ρ gate 0 (R) are carrier distributions in the substrate and the poly-Si gate. We also assume the fixed charge distribution in the gate oxide as shown in Fig. 3 .
Before starting the study, it is important to recognize that the discrete distribution of Coulomb centers is embedded in the background of the electrostatic potential with significant depth profile, as is shown schematically in Fig. 3(b) . Given this standpoint, the key for the formulation of Coulomb scattering is to take into account the screening effect due to free carriers in the inversion layer [6] and in the poly-Si gate [7, 8, 9] .
The net potential distribution φ(R) is determined from the general Poisson equation including the discreteness of Coulomb centers, as is shown in Fig. 3(b where we express the position vector in the substrate as R=(r,z) and that in the gate oxide and the poly-Si gate as R'=(r',z'). The scattering potential φ scat (R) responsible for Coulomb scattering needs to be extracted from φ(R). Here we make our first assumption, namely, that φ scat (R) is given as
where j=si, ox, gate. To obtain φ scat (R), we make our second assumption, namely, that ρ si (R) and ρ gate (R) are expanded in terms of φ scat (R) as 
Here g ik (z) is normalized charge density in the inversion layer for sub-band i in valley k. (1), (2) and (3) into the general Poisson equation in Fig. 3(b) , we obtain the Poisson equation for the net scattering potential φ scat (R)
Fixed charges t fix
It should be noted here that the screening effect due to free carriers in the poly-Si gate is taken into account by ε poly q d 2 (z')φ scat (R') in eq. (5). Since this term vanishes except for the poly-Si gate, the screening effect due to free carriers in the poly-Si gate only acts on Coulomb scattering by impurities in the poly-Si gate (RCS). Based on eq. (5), Poisson equations for the scattering potential responsible for Coulomb scattering due to fixed charges, φ scat fix (R), and that for the scattering potential due to charged impurities in the poly-Si gate, φ scat rcs (R), are expressed as
In the following, mobility limited by Coulomb scattering is calculated based on eq. (6) and (7) using relaxation time approximation. .
Surface roughness scattering under oxynitride gate oxides
The mobility limited by surface roughness scattering, µ SR , is characterized not only by ∆ (roughness rms value) and Λ (correlation length), but also by roughness power spectrum S(q). Pirovano et al. [10] have proposed the functional form of It has been found that hole µ SR is much more sensitive to the change in n than electron µ SR [11] . This fact is the key point for the quantitative understanding of µ SR in MOSFETs with oxynitride gate oxides.
In the following, µ SR is calculated based on the relaxation time approximation.
3 Inversion-layer mobility in MOSFETs with oxynitride gate oxides
Low field mobility
Fixed charges are known to exist in oxynitride gate oxides based on the observation of flat-band voltage shift, ∆V FB [1] . Fixed charges cause the increase of Coulomb scattering and are considered to be the origin of the mobility degradation in low effective electric field in MOSFETs with oxynitride gate oxides [12] shown in Fig. 1 . Fig. 4 shows the calculated N s dependence of mobility limited by fixed charges, µ c , for NO oxynitride for various fixed charge densities. The value of t fix =0.6nm is used which is determined from the peak position of the Si-O-N bond measured based on Fourier Transformation InfraRed spectroscopy (FT-IR) since Si-O-N bond is considered to be the origin of the fixed charges. The good agreement between the calculation and experiment is observed in Fig. 4 . It is found from Fig. 5 that the fixed charge densities extracted by the fitting method agree well with those obtained based on the flat-band voltage shift. The above results demonstrate that the mobility degradation in low effective electric field is attributable to the fixed charges. 
High field mobility
It is found from Fig. 1 that high field mobility, limited by surface roughness scattering, µ SR , exhibits different behavior for electrons and holes. This incomprehensible behavior of µ SR cannot be explained by the fitting of ∆ or Λ. The key point for the quantitative understanding of this behavior of µ SR is to find the appropriate form of the correlation function of the surface roughness, since µ SR is largely affected by the change in the value of n through the change in the form of S(q) [9] . Extracted by fitting of mobility
Extracted from V FB wave number, k F =(2πN s /g) 1/2 , where g is the degeneracy in the lowest sub-band. Since g=2 for electrons and g=1 for holes, k F for holes is larger than that of electrons. Considering the fact that the inversion layer carrier gas is degenerate in the range of surface carrier concentration where µ SR is dominant, µ SR is mostly determined by k F . Therefore, the behavior of S(q) around k F is the key for the understanding of µ SR .
It is found in Fig. 6 that the change in the value of n, which determines the functional form of S(q), has a much large impact on the value of S(q) for holes than for electrons, because hole k F is larger than electron k F . This result suggests that hole µ SR is much more sensitive to the change in n than electron µ SR . This prediction is actually confirmed in Fig. 7 .
For NO oxynitride, Fig. 8 shows that when n is taken to be 2.0 and ∆ is taken to be a smaller value (0.45nm) than that with pure oxide (PO) (0.55nm), electron and hole µ SR with NO can be consistently represented under a common parameter set. The above results are schematically shown in Fig. 9 . It is concluded from the analysis for the correlation function form that the increase in electron µ SR with NO and the decrease in hole µ SR with NO versus µ SR with PO are attributable to the decrease in ∆ and the increase in n, respectively. This indicates that NO oxidation significantly changes the nature of interface geometry and suggests that the surface roughness formed by NO oxidation has more enhanced randomness (larger n), while the height of roughness decreases, compared to that with thermal oxidation. The value of ∆ is taken to be 0.45nm and Λ to be 0.7nm [11] . Figure 7 : E eff dependence of µ SR for PO oxides. The value of ∆ is taken to be 0.55nm and that of Λ to be 0.7nm [11] . It has been reported that the inversion layer mobility exhibits a significant reduction in gate oxides thinner than a critical thickness [3, 4] , as shown in Fig. 2 . Since reliable experimental results suggest that the mobility lowering in ultra-thin gate oxides can be associated with remote Coulomb scattering (RCS) due to impurities in the poly-Si gate, we show in Fig. 10 the comparison of the experimental mobility lowering and the calculated results of µ rcs by the present model described in section 2. Note that the experimental mobility-lowering was extracted by using Matthiessen's rule. It is found that the N poly (impurity density in the poly-Si gate) dependence of µ rcs is well represented by the present model, but not by the depletion approximation (DA) [13, 14] . This fact indicates that (1) the experimental mobility lowering is attributable to RCS and that (2) the depletion approximation is inappropriate. As a result, the consideration of all impurities in the poly-Si gate under the screening effect due to free carriers in the poly-Si gate is essential to the description of the mobility lowering in ultra-thin gate oxides. It is also found from Fig. 11 that the t ox dependence of µ rcs is well reproduced by the present model. It should be noted here that µ rcs in the present model provides exp(-2qt ox ) dependence, where q is the two-dimensional wave number. The good agreement between the calculated and experimental results indicates that the mobility lowering in ultra-thin gate oxides exhibits exponential dependence on t ox . Therefore, the mobility degradation due to RCS becomes more significant in MOSFETs with ultra-thin gate oxides. 
Conclusions
Inversion layer mobility in MOSFETs with oxynitride and ultra-thin gate oxides has been quantitatively examined. For MOSFETs with oxynitride gate oxides, the degradation of low field mobility is attributable to the increased Coulomb scattering due to fixed charges, while the change in electron and hole mobility in high field region associated with NO oxynitridation can be reasonably well explained by the appropriate choice of the form of the roughness correlation function. For MOSFETs with ultra-thin gate oxides, a significant reduction of inversion layer mobility can be explained well by remote Coulomb scattering due to impurities in the poly-Si gate, which is formulated by taking into account the coexistence of charged impurities and free carriers in the gate region together with an appropriate consideration of the screening effect. Thus, the accurate modeling of Coulomb and roughness scattering is the key for the comprehensive understanding of carrier transport properties in MOS inversion layers.
